Benthic fluxes of phosphate and phosphorus distribution in sediments from the southern Baltic Sea were investigated in spring and autumn in 2005 and 2007-2010. Strong spatial variability of phosphate fluxes was observed across the sediment-water interface. The highest values of phosphate flux from sediment (up to 37 μmol m −2 h −1 ), resulting from the high mineralization rate of organic matter and rapid phosphorus turnover due to macrofaunal activity and hydrodynamic conditions, were observed in the shallow area at depths ranging from 50 to 69 m. The rate of phosphate exchange in the transportation and accumulation bottom area with the water depth ≥72 m was several times lower (2.12 -6.22 μmol m −2 h −1 ). In continuously hypoxic or anoxic sediments, phosphorus was preserved in the refractory organic form, and sediments were depleted of redox-dependent phosphorus forms. In shallow area with well oxygenated near-bottom water, phosphorus was present mainly in the calcium-bound form.
INTRODUCTION
The continuing eutrophication is the major problem affecting the Baltic marine environment (HELCOM 2007) . Eutrophication leads to the increased primary production, harmful blooms, dissolved oxygen depletion, dead sea-beds and depletion of fish stocks. Eutrophication can be inhibited by the reduction of nutrient loads from anthropogenic sources. However, as a result of longterm accumulation of biogenic substances in water and sediments that fuel this process, eutrophication may still show an increasing trend despite the nutrient input limitation from anthropogenic sources. The lack of desirable decrease in the phosphate concentration in seawater implies the existence of other sources of phosphate ions, e.g. marine sediments rich in phosphorus (P) compounds that are deposited in hypoxic/anoxic zones. The release of phosphates from sediments may intensify the primary production, especially in oligotrophic and Plimited waters, while changes in the relative proportions of the dissolved nutrients may modify the species composition of algal blooms (Koop et al. 1990; Conley et al. 1997; Conley et al. 2002; Friedrich et al. 2002; Denis, Grenz 2003; Virtasalo et al. 2005) .
Previous studies have proved that processes at the sediment-water interface are of great importance for P cycling in marine ecosystems (Yamada, Kayama 1987; Santschi et al. 1990; Chapelle 1995; Sharples et al. 2001; Conley et al. 2002) . The accumulation of P in sediments is mainly controlled by the sorption of phosphates (Carman, Wulff 1989; Virtasalo et al. 2005) . Organic P and calcium-bound P are also important sinks for P in marine sediments (Łukawska-Matuszewska, Bolałek 2008) . Phosphorus adsorption capacity (PAC) depends on pH, salinity, the temperature of near-bottom water, the chemical composition of sediments (especially the occurrence of Fe-oxides) (Boström et al. 1988; de Jonge, Villerius 1989; Sundareshwar, Morris 1999) and redox potential (Boström et al. 1988; Frankowski, Bolałek 1997) . Koop et al. (1990) also took into account the amount of organic matter (OM) reaching the sediments, as well as the abundance and diversity of benthic fauna as the factors controlling the sorption processes. In the marine environment, phosphates can be adsorbed by oxides and hydroxides of metals (Fe, Mn and Al) , OM and minerals (e.g. calcite) . The sorption capacity of sediments in relation to phosphates usually decreases rapidly with increasing sediment depth. It is connected with the reduction of Fe (III) and dissolution of iron oxides and hydroxides (Anschutz et al. 1998 , Søndergaard et al. 2003 . The magnitude of phosphate flux at the sediment-water interface reflects the OM sedimentation rate (Zabel et al. 1998 , Grandel et al. 2000 and depends on the quality of OM reaching the sediments, the activity of benthic organisms and hydrodynamics in the near-bottom water (Friedrich et al. 2002 , Heiskanen et al. 1998 , Koop et al. 1990 , Bally et al. 2004 ). According to Jensen and Andersen (1992) , the phosphate release from sediments also depends on the near-bottom water temperature and pH. High temperature stimulates mineralization of OM, whereas in the alkaline environment the phosphates adsorbed onto metallic oxides and hydroxides are exchanged with hydroxide ions (Boström et al. 1988; Gomez et al. 1999; De Montigny, Prairie 1993) .
The aim of this study was to compare the rate of phosphate exchange across the sediment-water interface under oxic and hypoxic/anoxic conditions in the southern Baltic Sea. In spring, summer and autumn seasons in 2005 and 2007-2010 , the sediment-water phosphate fluxes were determined at eleven sampling sites with different depth and hydrochemical characteristics of the near-bottom water. Our specific objective was to determine the difference in benthic fluxes and phosphorus forms distribution between the oxygenated coastal sediments and continuously hypoxic/anoxic sediments in the deep sea area.
MATERIALS AND METHODS

Study area
The investigation was carried out in the southern part of the Baltic Sea. Eleven sampling sites located in the Gdańsk Basin and in the open sea near the Polish coast were selected (Fig. 1) . The water depth at the sampling sites ranged from 50 m (open sea) to 108 m (the Gdańsk Deep; Table 1 ). Oxic conditions in the near-bottom water in the investigated area are regulated by inflows of oxygenated and salty water from the North Sea, and by the periods of stagnation that follow the inflow events. In recent years, numerous inflows have been reported (January and December 1993 , March 1994 , September 1997 , winter 1999 , winter and autumn 2000 , February 2001 , and January 2003 , the majority of which were weak and of limited extent (Łysiak-Pastuszak, Drgas 2001 and Feistel et al. 2003) .
Near-bottom water in the deep part of the Gdańsk Basin (water depth >70 m) is usually oxygen depleted while the macrofaunal community is poorly developed or absent in this area. In the years 1993-2005, the concentration of oxygen in the nearbottom waters of the Gdańsk Deep, which is the deepest part of the Gdańsk Basin, was on average less than 2 ml l -1 during 9 months per year; oxygen deficiency was reported for 5 to 12 months per year (Łysiak-Pastuszak 1995 (Łysiak-Pastuszak , 1998 (Łysiak-Pastuszak and 2004 Łysiak-Pastuszak, Drgas 2001 and Trzosińska 1994 Trzosińska , 1996 Trzosińska , and 1999 IMGW, 2009 ). The nearbottom water in the area of the open sea close to the Polish coast is well oxygenated because the small water depth together with mixing during the upwelling events provides high oxygen concentration in the whole water column.
In previous years, a winter decrease in the level of phosphate concentration was observed in surface waters (0 -10 m) of the southern Baltic Sea. For example, in the winter 1995-1996, the phosphate concentration in the waters of the Gulf of Gdańsk was lower than in the years 1989-1993 (0.51 and 0.75 µmol dm -3 , respectively) and lower than the average in 1979-1995 (0.80 µmol dm -3 ) (Łysiak-Pastuszak 1997 . The observed winter decrease in phosphate concentration might be a consequence of measures taken in all Baltic countries regarding the limitation of the contaminant discharge into the surface waters and, consequently, into the Baltic Sea. On the other hand, it could also be ascribed to a rapid decrease in the use of mineral fertilizers in the early 1990s and the growing popularity of polyphosphate-free detergents. The falling tendency in phosphate concentration can be observed only in the surface waters above the halocline (Łysiak-Pastuszak 2000), while in the nearbottom waters the concentration increases.
Gulf of Gdańsk is characterized by bimodal distribution of primary production with maxima (Koroleff 1976) .
Seven stations were representative of the sea bottom characterized by the well oxygenated nearbottom water (>5 mg l -1 during the study period). The dissolved oxygen (DO) concentration in the near-bottom water at three sampling sites was lower than 3 mg l -1 . In the case of the sampling site located in the Gdańsk Deep (GD02), hydrogen sulfide was present in September 2007 (Table 1) .
Sediment cores were collected with a Niemistö corer (int. diameter 7.6 cm; core length ca. 25 cm). From each station ( Fig. 1) , several cores were taken for the following purposes: pore water extraction, water content (WC), content of organic carbon (Corg), total nitrogen (Ntot), and phosphorus forms. The contents of Corg, Ntot and P forms were investigated at two sampling sites, i.e. GD12 (April 2005) and OS12 (September 2009).
The phosphate concentration in the interstitial water was analyzed in the ship's laboratory, using the standard molybdenum blue method as modified by Koroleff (1976) , immediately after the core collection. The interstitial water was collected by centrifuging the sediment in tightly sealed centrifugation tubes for 15 min at 3500 rpm.
Sediment samples for WC, Corg and Ntot content, and P speciation analysis were kept frozen until the analysis in the shore-based laboratory.
Laboratory methods
The water content and the contents of Corg and Ntot were analyzed in the surface layer (0 -2 cm) of sediment. Sediment WC was measured by drying the samples at 105°C until the constant weight was achieved. Corg and Ntot content in dry and homogenized sediment samples was determined by dry mineralization (elemental analysis with the elemental analyzer Perkin Elmer CHNS/O 2400 s. II, Parsons et al. 1985 , Kramer et al. 1994 ). The sediment type was determined macroscopically, or by sieving and sedimentation techniques, and classified according to PN-EN ISO 14668-2 using the sandsilt-clay triangular diagram.
Phosphorus forms were analyzed in the surface sediment layer (0 -5 cm) divided into 1-cm sections. Five forms of phosphorus were determined following the sequential extraction scheme of Jensen and Thamdrup (1993) . Loosely adsorbed phosphorus (NaCl-P) was extracted from sediments with 0.46 M sodium chloride; iron-bound phosphorus (BD-P) with the mixture of 0.11 M sodium bicarbonate and 0.11 M sodium dithionite; phosphorus bound to clay minerals and aluminium oxides (NaOH-P) with 0.1 M sodium hydroxide; and calcium-bound phosphorus (e.g. apatite; HCl-P) with 0.5 M hydrochloric acid. Extraction of loosely adsorbed phosphorus and iron-bound phosphorus was performed in the nitrogen atmosphere. Organic phosphorus (Org-P) in the applied extraction scheme is the sum of refractory Org-P (extracted with hot 1 M HCl after sample combustion) and Org-P extracted from loosely bound phosphorus and phosphorus bound to clay minerals and aluminium oxides pool. The phosphate concentration in the solutions obtained during extraction was measured spectrophotometrically (Koroleff 1976) . In order to determine the concentration of Org-P extracted from loosely bound phosphorus (NaCl-P), and phosphorus bound to clay minerals and aluminium oxides (NaOH-P) pool, the concentration of total dissolved phosphorus was measured (via wet digestion with potassium peroxodisulfate; Koroleff 1976) . Total phosphorus in sediment (Ptot) is the sum of all extracted P pools.
Estimation of sediment-water phosphate flux
Anoxic and macrofauna-free sediments
Phosphate fluxes across the sediment-water interface were calculated using Fick's first law, as described by Li and Gregory (1974) , Boudreau (1996) , and Lavery et al. (2001) :
where: J -phosphate flux, Ф -sediment porosity calculated as:
where W is the sediment water content (%) and d is the average sediment bulk density (2.6 g cm -3 , Alkal 1972); Ds -the diffusion coefficient expressed as Ds=D sw /Ɵ 2 where Dsw is the molecular diffusion coefficient in seawater corrected for in situ bottom temperature and Ɵ is tortuosity; δC/δz -a concentration gradient across the sediment-water interface.
For each sampling site, a concentration gradient was calculated as the first derivative of the functions fitted to the phosphate profile in the pore water. The phosphate profiles in the pore water at stations GG25 and GGU3 were best described by the following function (the empirical model allowing sorption in the oxic sediment layer; Graca 2009):
where: Cz -phosphate concentration in the pore water at a depth z; Cmax -maximal phosphate concentration in the examined sediment layer; zssediment depth up to which phosphate sorption occurs as a result of sediment oxygenation. A function that fitted the best phosphate profiles in the pore water at the remaining stations was based on the model of Tessenow (1972) :
where: Cz -phosphate concentration in the pore water at a depth z; Cmax -maximal phosphate concentration in the examined sediment layer; C0 -phosphate concentration at the sediment-water interface; a = Ds/K (Ds is the bulk sediment diffusion coefficient and K is the rate coefficient of production or dissolution). Functions were fitted to data, and the function parameters were calculated by means of the nonlinear estimation module in Statistica v.8, employing the Gauss-Newton approach. The examples of the fitted curves are presented in Fig. 2 , while the calculated function parameters are given in Table 1 .
Macrofauna-inhabited sediments
Benthic macrofauna, mainly surface and subsurface deposit feeders, was found in sediments from stations GG01, GG14 and OS12. For these sampling sites, the rate of phosphate exchange between sediment and water was measured during an experiment using the intact sediment cores. In each plexiglass tube about 1 l of the near-bottom water was collected together with a sediment core. Sediment cores were incubated in the dark at in situ temperature for 5 hours. Each tube containing a sediment core was sealed and equipped with the stirring system. The phosphate concentration in the water above the sediment core was measured before and after incubation. Based on the measurements taken before and after incubation, phosphate fluxes across the sediment-water interface were calculated, as follows:
where: F -phosphate flux (µmol m -2 h -1 ); Ctconcentration after incubation (µmol dm -3 ); Ciinitial concentration (µmol dm -3 ); V -volume of water above the sediment (dm 3 ); t -incubation duration (h); A -the surface area of sediment inside the tube (m 2 ).
RESULTS
Parameters measured in the water column
At all sampling sites, salinity increased with the increasing depth (Fig. 3) . Values measured in the upper water layer (up to ca. 50 m depth) were similar for all stations and varied from 6.9 to 7.9 PSU. The highest salinity value in the near-bottom water was observed in the Gdańsk Deep area (GD02) in The water column temperature showed strong seasonal variability (Fig. 3) . The highest temperature in the near-bottom water (15.7°C) was measured in September 2009, in the area of the open sea (OS12). The minimum temperature (4.6°C) was recorded during the same season in the Gulf of Gdańsk (GG01).
Dissolved oxygen concentration in the nearbottom water varied between sampling sites depending on depth and season (Table 1) . DO concentration decreased with the increasing depth, and in the Gdańsk Deep was <2 mg l -1 in April 2005 and March 2010. In September 2007, hydrogen sulfide was present in this area. Oxygen saturation in the Gdańsk Deep was poor, i.e. <18% (Table 1 ). In the Gulf of Gdańsk, the lowest oxygen concentration was observed in September 2007 (only 2.7 mg l -1 ), while during the other seasons it varied from 5 mg l -1 (April 2008) to 11 mg l -1 (April 2005). Also, oxygen saturation in this area was the highest in April 2005 (>90%). The sampling site located in the open sea (OS12) was characterized by the near-bottom water oxygen concentration of more than 7 mg l -1 .
The phosphate concentration in the near-bottom water varied markedly at all sampling sites (Table 1) . In general, the concentration of phosphate was higher in autumn than in spring. The maximum concentration (>22 µmol dm -3 ) was observed in the Gulf of Gdańsk (GGW1) in September 2007. In other cases, the phosphate concentration varied from 2.1 to 6.3 µmol dm -3 .
Based on the near-bottom water temperature and salinity diagram (Fig. 4) , the sampling sites were divided into two groups, i.e. group 1 with salinity between 7 and 10 PSU and temperatures between 4.6 and 7°C; and group 2 with high salinity values (>10 PSU) and temperatures lower than 9°C, which is typical for the deep part of the Gdańsk Basin. Four stations located in the Gulf of Gdańsk at the depth ranging from 55 m to 69 m, namely GG01, GG14, GG25 and GGU3 were included in the first group. In the second group, there were six sampling sites (at depth ≥72 m), i.e., three stations located in the Gdańsk Deep (GD02, GD12 and GD23), one on the slope of the Gdańsk Deep (GD10), and two in the deep part of the Gulf of Gdańsk (GGW1 and GG34). Station OS12 located in the open sea (at 50 m depth) was distinct from the other sampling sites, and therefore has not been included in any of the two groups. This particular site was characterized by low salinity (7.2 PSU) and very high temperature (15.7°C) of the near-bottom water.
Phosphate concentration in the pore water and phosphate fluxes across the sediment-water interface
The vertical distribution of the phosphate concentration in the pore water in sediments from the two distinct groups is presented in Figure 5 . Generally, the concentration of phosphate increased with the increasing sediment depth. The phosphate concentration in the pore water in the surface sediment layer (0 -3 cm) was the highest in the open sea area (OS12); at this station the concentration varied from 158 to 231 μmol dm -3 . The concentration of phosphate in the pore water from the sampling sites classified into two main groups, based on the near-bottom salinity and temperature, was similar, i.e. it ranged from 1.6 to 364 μmol dm -3 in group 1, and from 2.3 to 367 μmol dm -3 in group 2.
The method of flux estimation employing Fick's first law considers the molecular diffusion only. It gives the most reliable results in the case of sediments with the oxygen-free near-bottom water, and sediments from deep water areas where the effect of benthic organisms and turbulent diffusion are of limited extent (Berner 1977; Klump, Martens 1981; Santschi et al. 1990 ). Therefore flux values estimated for the sampling sites located at depths >100 m (GD02, GD12 and GD23), where molecular diffusion was probably the major component of the total phosphate exchange, do not raise doubts. Flux estimates for station GGW1 with water depth of 72 m, which was characterized by the near-bottom oxygen concentration of 2.7 mg l -1 , also seems to be reliable.
The sampling sites at 50 -70 m depth were located in the sea bottom section affected by oxygen conditions changing from fully oxic to hypoxic/anoxic. This zone is free of benthic vegetation but still relatively rich in macrofauna. Since the sediment-water exchange in this area probably occurs also via turbulent diffusion and is modified by benthic organisms, the obtained results could have been underestimated in some cases. This problem refers particularly to the shallower stations, i.e. at a depth ≤69 m with the oxygenated nearbottom water (GG01, GG14, GG25, GGU3 and OS12). During the sampling period, benthic fauna was found in sediments from stations GG01, GG14 and OS12. Sediment-water phosphate fluxes at these sampling sites were measured during a laboratory experiment. In the sediment from the other sampling sites, no benthic organisms or only few empty shells were found. An empirical model allowing for sorption in the oxic sediment layer was used to calculate the phosphate concentration gradient, and to estimate the phosphate flux across the sedimentwater interface at these sampling sites.
The variability of the phosphate flux between the two groups of stations was more pronounced than the seasonal variations (Table 1, Fig. 6 ). Phosphate fluxes across the sediment-water interface in the Gdańsk Deep and the deep part of the Gulf of Gdańsk (station group 2) were always directed from the sediment into the overlying water, and were generally similar (4.0 ±1.5 µmol m -2 h -1 ) ( Table 1 ). An average phosphate flux in this group measured during autumn (2.97 µmol m -2 h -1 ) was slightly lower than average flux obtained in spring season (4.13 µmol m -2 h -1 ).
The highest flux in group 2 was observed at the slope of the Gdańsk Deep (station GD10, Phosphate exchange across the sediment-water interface in the southern Baltic Sea | 65 www.oandhs.org 6.22 µmol m -2 h -1 ). In the case of sediment-water fluxes in the Gulf of Gdańsk (station group 1), distinct differences were observed (Table 1, Fig. 7 ). Sediment at station GG01 was a sink for phosphate and the phosphate flux directed into the sediment was 38.6 µmol m -2 h -1 . Sediments at the other sampling sites were a source of phosphate with phosphate fluxes varying from 1.72 to 28.3 µmol m -2 h -1 .
The phosphate flux in the open sea area (OS12) was also directed from the sediment into the water column, however it was several times higher than at other stations (>37 µmol m -2 h -1 ).
Physical and chemical properties of sediment
The distribution of surficial sediments in the Gulf of Gdańsk follows the general scheme of grain sorting in larger water bodies. Sandy sediments with a higher content of the fine-grained fraction and a large admixture of the aleuritic fraction (0.1 -0.01 mm grain size) prevailed at the sampling sites located at a depth between 50 and 70 m (Table 1) : very fine sand (OS12) and silty sand (GG01, GG14 and GGU3). Sandy silt and silt was present at two stations located below 70 m depth (GG25 and GGW1, respectively). Clayey-silty sediments were present in the deepest part of the sampling area, i.e. silt at GG34, clayey silt at GD10, silty clay at GD23, and clay at GD02 and GD12.
The sediment WC varied from 66% at the shallowest station, located in the open sea (OS12) to 88% at the Gdańsk Deep (GD02 and GD23, Table  1 ). The contents of Corg, Ntot and P forms were investigated at two sampling sites, namely one located in the Gdańsk Deep (GD12) and another one located in the open sea (OS12). Corg and Ntot contents in sediments from station GD12 were several times higher than those in sediments from station OS12. Corg content in the sediment from GD12 was 5.5%, while Ntot content was 0.7%; the respective values in the sediment from OS12 were 2.9% and 0.5%. The C:N ratio was 10.5 at GD12, and 7.9 at OS12. The molar C:P ratios in the surface sediment (0 -1 cm) at the stations GD12 and OS12 were considerably different, i.e. 89.7 and 348, respectively.
The total P content in the sediment decreased with the increasing sediment depth, namely from 60 to 16.7 µmol g -1 d.w. at GD12 and from 8.9 to 3.8 µmol g -1 d.w. at OS12 (Fig. 8) . The dominant fraction of P in the sediment at station GD12 was organic phosphorus (mainly refractory Org-P). In the uppermost (0 -1 cm) layer of the sediment from this site Org-P constituted about 55% of the total P (Fig.  8) . The contribution of organic P decreased with the increasing sediment depth until reaching 30% in the 4 -5 cm layer. The dominant P fraction in the sediment at station OS12 was calcium-bound P (HCl-P; up to 90%). The concentrations of other P forms were much lower as compared to that of HCl-P, and decreased with the increasing sediment depth (Fig. 8) .
DISCUSSION
The phosphate fluxes measured in this study (varying from -38.6 to 28.3 μmol m −2 h −1 ) were within the range of values reported from other regions of the Baltic Sea, e.g. for the Gulf of Finland [(1.59 -28.5 μmol m −2 h −1 (Conley et al. 1997) , and 0.67 -17.5 μmol m −2 h −1 (Pitkänen et al. 2003) ], the Gdańsk Deep and the Oblique Sill separating the Gdańsk and Gotland Deeps (2.9 -5.7 μmol m −2 h −1 ; Graca et al. 2006) , and the northern Baltic proper (-1.7 -37 μmol m −2 h −1 ; Koop et al. 1990 ).
The depth, salinity, temperature and oxygenation of the near-bottom water affected the phosphate flux values in the sediment-water interface in the study area. Phosphate fluxes at the sediment-water interface at the stations from group 1 varied considerably. The sampling sites from group 1 at which macrofauna was absent (i.e. GGU3 and GG25) were characterized by the lowest phosphate fluxes (Table 1) . Good oxygen conditions in the near-bottom water at these sampling sites (8.5 -11 mg l -1 ) favored the process of phosphate adsorption onto the surface sediments, probably due to the fact that iron and manganese stay in their oxidized forms.
Since macrofauna had been found in sediments from stations GG01, GG14 and OS12 (mainly surface and subsurface deposit feeders; H. Rzemykowska, personal communication; Łukawska-Matuszewska et al. 2010), sediment-water exchange at these locations was enhanced by benthic animals, and phosphate fluxes were detected and measured during a laboratory experiment. Values of fluxes, directed from the sediment into the water column, were estimated at stations GG14 and OS12 at 28.3 ±10.6 and 37.1 ±11.7 μmol m −2 h −1 , respectively (Fig. 7) . In September 2009, sediment from station GG01 (55 m depth) was acting as a sink for phosphate and the flux estimated during the experiment was 38.6 ±27 μmol m −2 h −1 .
Benthic animals disturb the texture and chemistry of coastal marine sediments and thus have a strong effect on sediment biogeochemistry. Sediment reworking, as well as water and solute transport are affected by feeding, burrowing and ventilation (Yingst, Rhoads 1980; Kristensen 1984) . Physical and chemical changes caused by benthic fauna are known to enhance the microbial activities and growth rates (Hylleberg 1975 , Rhoads et al. 1977 , Kristensen et al. 1985 , resulting in an increase of the OM mineralization rate. The organic matter of the nearshore sediments in the Gulf of Gdańsk is almost entirely composed of autochthonous organic matter (Staniszewski et al. 2001) , which is easily mineralized under oxic conditions. Phosphorus is a redoxsensitive nutrient and phosphate released into the pore water during OM mineralization may be adsorbed onto ferric iron under oxic conditions. Benthic macrofaunal activities enhance the oxygen penetration and increase the volume of sediment available for P accumulation, and thus increase the phosphorus retention in the sediment (Mortimer et al. 1999 , Karlson et al. 2007 ). This effect is particularly evident in the case of station GG01, where the phosphate flux was directed into sediment. In addition, hydrodynamic conditions in this region cause removal of the phosphate-rich near-bottom water, which is replaced with surface water characterized by lower phosphate concentration. The upwelling and downwelling events occurring in the area around the tip of the Hel Peninsula are characterized by strong vertical currents (>10 −4 m s −1 ) (Kowalewski, Ostrowski 2005) . Most upwelling events occur here in April, May and September, while downwelling takes place in February. It was found that the nutrient concentrations were distinctly higher in the upwelling area as compared to the surrounding waters (Burska, Szymelfenig 2005; Kowalewski 2005 ). The nutrient loads raised by upwelling in the Hel region were comparable to those carried at the same time by the Vistula River entering the Gulf of Gdańsk (Kowalewski 2005) .
Station OS12 located in the open sea was characterized by extremely high temperature of the near-bottom water (Fig. 3) . Hydrodynamic conditions in this region caused removal of the nearbottom water, which was replaced with surface water characterized by higher temperature. Phosphate concentration in the pore water was similar in all sediment layers (Fig. 5) , and equal to 158 µmol dm -3 below the sediment surface (0 -1 cm). A high phosphate flux measured in sediment from station OS12, namely several times higher than in other areas (Table 1) , resulted partly from a higher rate of OM mineralization at high temperature. Rapid OM turnover under oxic conditions and high temperature caused Org-P removal from sediment, and resulted in the high C:P ratio (C:P = 348). Good oxygen conditions in the near-bottom water (7.56 mg l -1 ; Table 1 ) allowed iron and manganese to stay in the oxidized forms, and therefore favored the process of phosphate adsorption onto the surface sediments (Fig. 8) . Moreover, P was accumulated in sediments as a calcium-bound form. In the surface sediment layer, about 48% of P was bound to calcium, while in the deeper layers even 90% of P occurred in this form.
Despite the fact that the oxygen saturation of the near-bottom water at the sampling sites from group 2 was in some cases similar to that in group 1, group 2 was in general characterized by higher phosphate flux values, as compared to those obtained from other uninhabited by macrofauna sediments. Fluxes were always directed from the sediment into the water column (Table 1) . The highest phosphate fluxes in group 2 were observed at station GD10 located on the NW slope of the Gdańsk Deep. Different regimes of physical particle transport are involved in the formation of a bathymetric gradient of the benthic sediments in the Baltic Sea, i.e. erosion, transport and accumulation (Jonsson et al. 1990 ). The first of the above regimes, i.e. erosion is typical for the coastal areas, whereas transportation bottoms occupy an intermediate position, and the accumulation regime predominates below the permanent halocline (ca. 70 -90 m depth) (Olenin 1997) .
Station GD10 could be classified as a transporttype bottom. High values of the phosphate flux at this station resulted from the slope processes, such as sediment slumping and creep. Similarly to the previous work (Graca et al. 2006) , phosphate profiles on the slope of the Gdańsk Deep (station GD10) were more convex, and pore waters were saturated closer to the sediment surface than in the Gdańsk Deep. In fact, phosphate concentration in the pore water within the top sediment layer (0 -4 cm) at station GD10 was the highest among all the sampling sites (Fig. 5) .
At four sampling sites from group 2, oxygen saturation was ≤27% (GD12, GD23 and GGW1), or hydrogen sulfide was present in the near-bottom water (GD02), while the mean phosphate flux directed from the sediment was 3.5 μmol m −2 h −1 . Many scientists (e.g. Louchouarn et al. 1997 , McManus et al. 1997 , Conley et al. 2002 , Knapp et al. 2002 have suggested that the reduction of iron and manganese compounds in sediments could be the source of phosphate in the near-bottom water. When the redox potential drops in the sediment, the reduction of Fe (III) to Fe (II) takes place followed by a release of iron-bound P (Boström et al. 1988 ). Fe-bound P in surface sediments of the Baltic Proper acts as a major internal source of P during seasonal hypoxia (Mort at al. 2010) . Also, the results obtained in the present study imply that the reduction of iron and manganese compounds occurs in the Gdańsk Deep sediments, and the refractive fraction of OM accumulates at the sediment surface, where it is slowly mineralized and partly buried.
The results of P speciation analysis in the sediments from station GD12 indicate the organic P preservation in the hypoxic/anoxic and highsedimentation-rate environment of the Gdańsk Deep. Among the other factors, the P content in the sediment depends on the sediment's granulometric composition and the OM content. Fine sediments usually contain more P than the coarser ones, which is actually typical for the southern Baltic Sea sediments (Łukawska-Matuszewska, Bolałek 2008). Clay from station GD12 contained ca. 60 µmol P g -1 d.w. and most of it was present in the organic form (Fig. 8) . Previous studies have shown that the OM degradation is less efficient in the anoxic environment, as compared to oxic conditions (Balzer 1986) . A lower degradation rate together with the rapid accumulation rate resulted in a high percentage of Org-P in the sediments collected from the Gdańsk Deep area (Fig. 8) . The accumulation of P in its organic form was also confirmed by the C:P ratio of 89.7, which is considerably lower as compared to the Redfield proportion (Redfield et al. 1963 ; C:P = 106). The sediment at station GD12 was depleted of P bound to fresh OM. During the sinking of suspended matter through the water column, it undergoes partial degradation. A considerable water depth and the density stratification in the Gdańsk Deep prolong the existence of suspension in the water column causing P depletion in the suspended matter. A low percentage of redox-sensitive P forms, namely loosely bound (NaCl-P) and iron-bound P (BD-P), in the sediment collected from GD12, indicates the P removal under anoxic conditions.
It is also a well-known fact that the land-derived organic matter constitutes a large proportion (even up to 30%) of OM in the Baltic Sea (Miltner, Emeis 2001; Staniszewski et al. 2001) . Previous studies of these authors have shown that the sediments in the Gdańsk Deep and the Gulf of Gdańsk contain a large amount of lignin. Lignin is used as a tracer for terrestrial OM, because it is produced only by vascular plants, which are restricted to terrestrial environments (Moran et al. 1991) . Allochthonous organic matter, discharged into the Gulf of Gdańsk, is transported to the Gdańsk Deep (Staniszewski et al. 2001) , where it is added to the autochthonous marine organic matter, and thus it dilutes the latter. A high percentage of refractory Org-P in sediments in the Gdańsk Deep area can be partly explained by an admixture of terrestrial organic material which is more resistant to microbial decay than marine organic matter (Westrich, Berner 1984) .
CONCLUSIONS
Benthic fluxes of phosphate in the Gdańsk Basin showed strong spatial variability. The highest values of the phosphate flux from sediments into the overlying water (up to 37 μmol m −2 h −1 ), resulting from the high mineralization rate of OM and rapid P turnover, due to macrofaunal activity and hydrodynamic conditions, were observed in the shallow area at depths ranging from 50 to 69 m. Phosphates released into the pore water during the OM mineralization are adsorbed by iron and manganese compounds or diffuse according to the concentration gradient. During upwelling and downwelling events along the Hel Peninsula, the phosphate-rich near-bottom water is replaced by the surface water characterized by lower phosphate concentration. In the area of the open sea, a rapid OM turnover in oxic conditions and at high temperature caused the organic P removal from sediments. Ca-bound P was the main form of phosphorus in sediments in this shallow area with well oxygenated near-bottom water.
Sediment-water phosphate fluxes originating from the sediments in the hypoxic and anoxic zone below the halocline (sampling sites at depths ≥72 m) were much lower (the max. value of 6.22 μmol m −2 h −1 ) as compared to those from bioturbated sediments in shallow areas. The low values reflected a depleted pool of the available P due to the chronic exposure of sediments to hypoxic and anoxic conditions. The suspended organic matter undergoes mineralization during sinking in the water column and very few labile forms of P reach the sediments. In the area of transport and accumulation type sea bottom, deeper than 70 m, the preservation of P in the refractory organic form occurs, and sediments are depleted of redox-dependent forms of phosphorus, i.e. loosely adsorbed and iron-bound P.
